[1] Data from the Special Sensor Microwave Imager (SSMI; years 1987, Advanced Microwave Scanning Radiometer, and a surface-based radiometer at Barrow, Alaska are examined for insights into the behavior of water vapor, cloud liquid water and rainrates over the northern high latitude seas. We evaluated two separate sets of retrievals, and achieved the best results through combining one that contained explicit monthly mean sea ice fractions with the Wentz V6 water vapor path (WVP), cloud liquid water path (LWP), and rainrate (RR) retrievals. The water vapor path retrieval shows no sensitivity to a proxy for sub-pixel sea ice presence, while the liquid water path retrievals are sensitive to sea ice presence during summertime but otherwise the Wentz internal sea-ice screening appears effective. The rainrate retrieval is highly sensitive to any sea ice during all seasons. The seasonal cycle and 1987-2006 time trends are examined. The WVP annual cycle has an amplitude of $1 cm at all locations, approximately double a broad winter minimum, with a July maximum phasing that is consistent with a continental influence. Little change occurs between January and April in WVP and LWP. The springtime LWP increase usually occurs in tandem with the WVP increase and slightly lags the falltime WVP decrease. The maximum lag occurs over the northern Pacific, where the maximum LWP occurs in August, one month later than over the northern Atlantic, and is correlated to an August precipitation maximum. The strongest SSMI-derived trend is an increase in wintertime moisture south of Greenland, with wintertime LWP increases in the Labrador Sea. North of the Bering Strait, where much of the recent summer and autumn sea ice loss has occurred, the autumn WVP and LWP increased from 1989 to 2001 with a subsequent LWP decrease in recent years. The recent decline appears linked to a decrease in cyclone activity. Winter and spring LWP increases from 2002 to the present are noted in the surface-based data set from Barrow, Alaska. Over the Barents Sea, where much of the recent winter sea ice loss has occurred, winter WVP and LWP have increased over the past decade. A comparison to National Center for Atmospheric Research Community Atmospheric Model Version 3.5 values finds modeled WVPs are slightly underestimated but the amplitude of the annual cycle is similar to that observed. Modeled winter LWPs slightly exceed those measured while the modeled summer LWPs exceed by a factor of two those observed (which are more likely to be positively biased also). The modeled rainrates are similar to retrieved values in the north Pacific, and exceed retrieved values by approximately a factor of 2 in the northeast Atlantic.
Introduction
[2] Clouds play an important role in modulating the Arctic climate system through their influence on the radiation budget and hydrological cycle. Low-level stratus contribute the most to the total Arctic cloud cover of any cloud type according to surface observations [Serreze and Barry, 2005] . Liquid stratus clouds deserve particular attention because the liquid phase is ubiquitous and dominates the surface radiation budget relative to the ice phase when present [Curry and Ebert, 1992; Hogan et al., 2002; Intrieri et al., 2002a Intrieri et al., , 2002b Pinto, 1998; Sun and Shine, 1994; Uttal et al., 2002; Zuidema et al., 2005a] . Intermodel differences in downwelling surface longwave radiation caused by differences in cloud cover can produce an order-of-magnitude spread in equilibrium ice thicknesses [Eisenman et al., 2007] .
[3] An important source region for Arctic atmospheric moisture is the northeastern Atlantic [Groves and Francis, 2002; Nakamura and Oort, 1988; Overland et al., 1996] . The northeastern Atlantic is the cloudiest region of the Arctic, with a seasonally invariant surface-observed total cloud cover of 80%, of which almost all is low cloud [Serreze and Barry, 2005] . Variability is therefore more likely to occur in the cloud moisture content than in the cloud coverage, but has been less used for model validations. Knowledge of the seasonal cycle in water vapor, liquid water, and precipitation in this region, important for quantifying the Arctic hydrological cycle, is still challenging to construct from reanalyses and soundings [e.g., Cullather et al., 2000] .
[4] Changes in cloud coverage and cloud properties can also be expected in association with the recent decline in Arctic sea-ice coverage. The Chukchi Sea north of the Bering Strait is a primary site for recent decreases in fall Arctic sea-ice extent [e.g., Stroeve et al., 2005] , while much of the recent wintertime sea ice loss has occurred in the north Atlantic Barents Sea [Comiso, 2006; Meier et al., 2005] . The most complete satellite-based assessment of Arctic cloud coverage and trends is presented by Wang and Key [2003] , Wang and Key [2005a] , and Wang and Key [2005b] . They found increasing cloud fractions during spring and summer and decreasing cloud fractions during autumn and winter from 1982 to 1999 north of 60°N, based on AVHRR (Advanced Very High Resolution Radiometer) Polar Pathfinder data, and attributed the trends to changes in both summer and winter cyclone activity [Liu et al., 2007] . Other suggested mechanisms influencing Arctic cloudiness trends include evaporation off of newly opened water [Francis and Hunter, 2006; Francis et al., 2005; Kato et al., 2006; Wang and Key, 2005b] , warmer temperatures leading to increased specific humidities at the same relative humidity [Lin et al., 2003] , and temperature-dependent ice phase processes [Beesley and Moritz, 1999; Liu et al., 2007] .
[5] Most previous long-term cloud observational studies have relied on satellite visible and/or infrared sensors [Francis et al., 2005; Kato et al., 2006; Schweiger, 2004; Wang and Key, 2003 , 2005a or human observers [Warren et al., 2007] . While these studies are highly informative, the difficulties of remote sensing in the Arctic argue for further integration of varied and unique assessments. One satellite-based data source on Arctic clouds that has not yet been fully exploited is microwave data. Data from Special Sensor Microwave Imager (SSMI) instruments are available since 1987, and their utility for climate trend studies in water vapor path, outside of regions with sea-ice, has been demonstrated by Trenberth et al. [2005] . Microwave's ability to sense liquid independently of the ice cloud phase is an asset for discriminating the low-level stratus most important to the surface radiation budget and complements other satellite-based cloud data sets that discriminate cloud phase more poorly. The use of microwave data in the Arctic is challenged by the presence of highly emissive snow and ice surfaces (though see Haggerty et al. [2002] and Liu and Curry [2003] for pioneering work in this regard), but portions of the north Atlantic remain ice free throughout December -February, March -May, June -August, and September -November, the percentage of oceanic regions that are ice-free above 60°(70°) N is 16, 16, 33 and 30 (8, 9, 23, and 20) . Throughout the entire year almost up to 77°N (Figure 1 ). Microwave retrievals do not depend on sunlight and are less encumbered by deviations from planeparallel geometry. These are important attributes for ice-free polar regions.
[6] The goals of this paper are to construct and assess a large-scale spatial climatology and trends in Arctic water vapor paths (WVPs), cloud liquid water paths (LWPs), and rainrates (RRs) as determined by microwave data. The integration of microwave-derived cloud, precipitation, and water vapor path information into Arctic science is thought to be new and this study, in which we begin to assess the value of the microwave information, is primarily exploratory. In the next section we detail the data sets that we used and in section 3 we investigate the sensitivity of satellite microwave moisture retrievals to underlying ice. Thereafter we evaluate seasonal climatologies and examine the annual march in cloud LWP, rainrates, and WVP in section 4. Section 5 examines seasonal trends and focuses on trends in the Beaufort and Barents Seas, where much of the recent sea ice loss has occurred.
Data Sets
[7] We used monthly mean retrievals based on the Special Sensor Microwave/Imager and the Earth Observing Aqua Advanced Microwave Scanning Radiometer (AMSR-E) instruments. These instruments are on polar-orbiting satellite platforms that provide good Arctic coverage. A continuous time series of SSMI data is available since July, 1987 and from the Aqua satellite since June, 2002; our data set extends through the end of 2006. We evaluated two separate retrievals: Version 6 of the Wentz SSMI products [Wentz et al., 2007 and references therein] , whose retrievals are similarly applied to the AMSR-E data, and those created by Ferraro et al. [1996] , both described more fully below. The data providers first map the retrieved products at 0.25°s patial resolution, then average all data within the month to calculate monthly means. While the Wentz retrievals from both satellites are at a 0.25°spatial resolution, the AMSR-E pixel footprint is approximately one-third the size of the respective SSMI pixel footprint. This should aid sea-ice detection within the AMSR-E retrievals.
[8] We also evaluated WVP and LWP retrievals from a vertically pointing surface-based microwave radiometer maintained at Barrow, Alaska by the Atmospheric Radiation Measurement program [Ackerman and Stokes, 2003; Stamnes et al., 1999] . This site is located at 71°N, 156.5°W. The surface-based measurements provide a complete annual cycle over a region that is snow covered for most of the year, providing an important complement to the satellite-based retrievals over open water. Additionally we have examined monthly mean model values from the National Center for Atmospheric Research (NCAR) Community Atmospheric Model (CAM) Version 3.5 spanning 1987-2006 to examine how well the NCAR model is currently modeling the observed Arctic atmospheric moisture parameters.
Wentz V6
[9] Version 6 of the Wentz retrievals provided by Remote Sensing Systems has focused on improving the consistency (F-08, F-10, F-11, F-13, F-14, and F-15 satellites [Wentz et al., 2007] . Water vapor path, liquid water path, and rainrate values form part of a multidimensional retrieval that also includes surface wind speeds; the LWP and WVP retrievals themselves mostly rely on a combination of the 22 GHz vertically polarized channel and the 37 GHz vertically and horizontally polarized channels, and the rainrates on a combination of the 19 and 37 GHz channels [Wentz, 1997; Wentz and Meissner, 2000; Wentz and Spencer, 1998 ]. We examined LWP values from individual satellites over the north Atlantic sector and did not detect any offset between different instruments (in contrast to our earlier inspection of the V5 data set). The same retrieval methodology has been applied to the AMSR-E Version 5 retrievals.
Ferraro
[10] An important difference of the Ferraro retrievals from the Wentz algorithm set is that the Ferraro retrievals also include the 85 GHz channel. The 85 GHz channel provides finer spatial resolution and sensitivity to low LWPs, but is also more sensitive to other geophysical variability. The Ferraro retrievals are composed of, besides WVP and LWP (based on [Weng and Grody, 1994] ), a liquid cloud fraction (CFR) and an explicit sea ice fraction, all at 1°spatial resolution [Ferraro et al., 1996] water absorption coefficients decrease with temperature, i.e., a colder cloud will emit more microwave radiation than a warmer cloud of the same liquid water path. The Wentz algorithm estimates cloud temperature as the mean temperature between the surface and the atmospheric freezing level [Wentz, 1997] . Since the Arctic open ocean remains at near-freezing temperatures, the estimated liquid cloud temperature is approximately 273 K. In contrast, the Ferraro LWP algorithm was developed from a training set of clouds with temperatures that mostly exceeded 273 K. This will encourage an overestimate of LWP by the Ferraro algorithm for the colder Arctic clouds.
[13] Another difference between the two algorithms may be the gaseous absorption coefficients. During the development of the Wentz algorithm, the original Liebe [1985] microwave absorption coefficients were modified to produce lower LWPs after a comparison to radiosondes suggested this [Wentz, 1997] . The speculation then that water vapor continuum absorption was being underestimated by the Liebe coefficients has now been confirmed [e.g., Mattioli et al., 2005; Zuidema et al., 2005b] . The Ferraro algorithm is thought to rely on the original unmodified Liebe [1985] absorption coefficients; underestimation of the absorption by water vapor may then be compensated by an overestimation of the LWP.
[14] Both causes point to the Wentz LWP values as the more realistic of the two retrievals. Differences were also noted between the Wentz SSMI and AMSR-E products, with the SSMI WVPs exceeding the AMSR-E WVPs while AMSR-E LWPs tended to exceed the SSMI LWPs (For example, over the Barents Sea (70 -78N, 60E -22W), with mean AMSR-SSMI WVP and LWP differences of À0.4 mm and 3 g m À2 respectively). The best explanation we can offer is that differences in orbital pixel resolution or calibration must be involved, since the retrieval algorithms are the same. For SSMI pixels with low cloud fractions, a positive Wentz LWP bias of 10 -20 g m À2 has been documented [Bennartz, 2007] , hypothesized to reflect still-erroneous gaseous absorption coefficients [Horváth and Gentemann, 2007] .
[15] LWP emission-based retrievals rely on a Rayleigh assumption that breaks down when a significant fraction of the dropsizes exceed $50 micron, inflating the retrieved LWP values. The Wentz retrieval calculates LWP as a fraction of rainrate for LWPs >180 g m À2 , calling LWP values into doubt. While this may occur less often in the Arctic than in the Tropics or midlatitudes, it may be the single largest error source within the LWP retrievals [O'Dell et al., 2007] . For non (or lightly)-precipitating, overcast clouds, the Wentz LWP values agree well with optically derived satellite values [Bennartz, 2007; Horváth and Gentemann, 2007] .
Surface-Based Microwave Data
[16] A microwave radiometer (MWR) has been present at Barrow, Alaska since 1998; an instrument of the same design is discussed by Zuidema et al. [2005b] . Different microwave absorption models have been implemented into the surfacebased WVP and LWP retrievals at different times, creating an apparent downward trend in LWP values over the past decade. We limit our analysis to the Rosenkranz [1998] model, incorporated into the standard retrieval beginning 25 April 2002, and the MonoRTM model (similar to Liljegren et al. [2005] ), incorporated since 29 July 2005. These models behave similarly in the dry Arctic environment [Westwater et al., 2003] .
[17] The satellite-derived LWP values typically exceed those from the surface-based radiometer even when the trends are similar. Besides differences in the gaseous absorption models, another explanation is the treatment of precipitation. The surface-based radiometer includes a rain gauge that can check for wetting and thereby exclude those values from further consideration; for the satellite data no screening for precipitation is done. Relative differences in instrument sensitivity are also important: orbital pixel satellite-derived LWP values have an uncertainty of $50 g m À2 [Bennartz, 2007] , while for the surface-based LWP values the uncertainty is approximately one-half of this. The surface-based radiometer will be able to detect thinner liquid water clouds as a result, decreasing its mean and median values.
National Center for Atmospheric Research Community Atmospheric Model (NCAR CAM)
[18] WVP, LWP, and precipitation (convective + largescale) monthly mean values spanning 1987 until December, 2006 from the NCAR CAM version 3.5 model were evaluated. The previous NCAR CAM version 3.0 wintertime cloud fractions were biased high relative to surface observations, resulting in an overestimate of the modeled downwelling infrared radiation at the surface [Briegleb and Bromwich, 1998 ]. This problem was addressed within Version 3.5 through reducing the predicted low-cloud fraction by up to 85% when the specific humidity falls below a set threshold value, an approach described as ''freeze-dry'' [Vavrus and Waliser, 2007] . This approach simulates a 
Treatment of Sea Ice
[19] Previous studies have avoided evaluating microwave data sets on atmospheric moisture in the high latitudes because of doubts on the algorithm behavior in areas frequented by sea ice [e.g., Trenberth et al., 2005] . Both the Wentz and Ferraro algorithm sets discriminate for sea ice, but only the Ferraro set reports a monthly mean sea ice fraction. The Ferraro sea ice concentration algorithm uses the 85 GHz channel; cloud LWP and sea ice fraction are retrieved simultaneously for each orbital pixel up to a sea ice concentration of 10%, with LWP values set to zero for higher sea ice fractions. In contrast, the Wentz sea ice flag relies strongly on the 19 and 37 GHz channels. The flag uses a modified so-named NASA-TEAM algorithm that in turn originated from Cavalieri and Gloersen [1984] . Physically, the algorithm relies on the smaller polarization difference of ice than of water, and on spectral gradients for ice and water possessing opposing signs. An independent evaluation of eight sea ice concentration algorithms concluded that the NASA-TEAM algorithm performed the best in regions with high ice coverage, because it was the least influenced by what it termed as atmospheric noise [Andersen, 2000] . The Wentz algorithm attaches a sea-ice flag to each orbital pixel and no monthly mean LWP values are calculated if ice is flagged more than 50% of the time at a particular location.
[20] We present one approach here for investigating the sensitivity of the atmospheric retrievals to the underlying sea ice. The monthly mean LWP, WVP, and rainrate values were evaluated as a function of the monthly mean Ferraroderived sea ice percentage within each 0.25°by 0.25°pixel for most of the possible combinations of algorithm (Wentz and Ferraro) , atmospheric parameter (LWP, WVP, RR), and satellite instrument (SSMI and AMSR-E). This approach assumes that the amount of detected sea ice can serve as a proxy for undetected sub-pixel-scale sea ice.
[21] We found little sensitivity of both Wentz and Ferraro WVP algorithms to the underlying sea ice. The variation in the Ferraro LWP and CFR values with sea ice fraction is substantial, particularly during summer (Figures 2b and 2c ). Spatial maps show high, spurious values for the Ferraro LWP that are coincident with the sea ice edge. Baroclinic activity incited by thermal and moisture gradients at the sea ice edge [Curry et al., 1996; Tsukernik et al., 2007] could lead to real LWP increases that are correlated with the sea ice fraction, but the much diminished sensitivity of the Wentz LWP retrievals to sea ice coverage (Figure 2a ), as well as the lack of variation in the WVP values with sea ice fraction, argues against this physical interpretation.
[22] The Wentz LWP retrievals (Figure 2a ), though less sensitive to the sea ice coverage than the Ferraro LWP retrievals, do show an increase in summertime values for the 60°-65°N band, and again for the 70°-75°N band (Figure 3b) . A breakdown by month revealed that the largest increase occurred in July. Figures 2a and 3 suggest that the Wentz sea-ice detection scheme can still become confused in low-ice regions with high atmospheric variability, as previously noted by Andersen [2000] , and which is more likely during the summer. During other seasons, the LWPs diminish slightly as a function of sea ice fraction. Although this could be physical, reflecting diminished surface evaporation [e.g., Paluch et al., 1997], we suspect it reflects an algorithm problem, in part because even small areas of open water can still provide strong moisture fluxes into the atmosphere [e.g., Maykut, 1978] . [23] Spatial plots of Wentz orbital LWP data showed a much diminished influence of the sea ice edge on the retrieved LWP values. The tradeoff between data quantity and accuracy is less clear, and we evaluated the Wentz LWP retrievals in two ways: both selecting only those values with 0% sea ice fraction (pixels with missing values for the sea ice fraction were also excluded), and, selecting all available values regardless of the Ferraro sea ice fraction. The latter choice allowed us to keep the July 1990 -December 1991 time period when the 85 GHz channel was missing. Analysis based on large data samples relied on the sea-icescreened LWP values, while for the regional analyses with small data samples, both treatments of the LWP retrievals were used. The rainrate values increase strongly as a function of the sea ice concentration for all seasons, and only the rainrate values coinciding with a 0% sea ice fraction were retained (and no missing sea ice). [Wang and Key, 2005a] , though the similarity to the AVHRR climatology is more clear during summer and fall, when more of the total cloud is composed of liquid. The lack of seasonal variability in the cloud fraction is a climatological feature noted previously in surface observations [Serreze and Barry, 2005] .
Seasonal-Mean Climatologies
[25] In contrast to cloud fraction, a strong annual cycle exists in WVP and LWP, with a July WVP maximum (evident in a further breakdown by month) that is approximately double the winter minimum at all latitudes. The July phasing of the WVP maximum suggests that solar heating of the continents surrounding the Arctic basin accelerates the moistening of the Arctic atmosphere. The LWP amplitude changes are less pronounced than those for WVP. The phasing appears to be mostly determined by the phasing of the changes in precipitation (Figure 4) , notable even more in a breakdown by month. Both the precipitation and LWP maxima occur in August for the most northern reaches of both the Pacific and Atlantic. The spatial distribution and magnitudes of precipitation correspond well to those from a blended surface-observed data set thought to represent the best-available current Arctic precipitation climatology [Serreze and Hurts, 2000] .
[26] A different visualization is shown in Figures 5 -7 . The annual WVP, LWP, and precipitation cycles, derived from both SSMI and AMSR-E, are shown for 4 latitude bands averaged over longitude bands corresponding to the Northeast Atlantic (Figure 5 ), Northwest Atlantic (Figure 6 ), and Pacific (Figure 7) sectors. These figures show a slight asymmetry in the WVP annual cycle, with strong increases in between May and June continuing into July, consistent with Cullather et al. [2000] , coupled with a more gradual autumn decrease. The autumn WVP decrease is more gradual for the more southern latitudes, reflecting a stronger marine influence.
[27] The springtime minimum in LWP occurs between February and April at all 3 locations, and a slight WVP rise thereafter is generally not immediately followed by a LWP increase. This slight lag could be due to ice precipitation [Beesley and Moritz, 1999] , or may just reflect instrument insensitivity. Kato et al. [2006] find a January spatialaverage cloud fraction minimum while Wang and Key [2005a] find an April minimum. These conclusions differ less than they may appear, given the small change in WVP and LWP in all 3 sectors between January and April. The broad winter WVP minimum is also captured within a TOVS (TIROS Operational Vertical Sounder)-derived WVP climatology [Groves and Francis, 2002] , the broad LWP winter minimum reflected in the winter surfaceobserved cloud amount minimum over the central Arctic [Schweiger et al., 1999] .
[28] During autumn the WVP and LWP annual cycles are less well coupled. Instead, the LWP cycles are more influenced by the more variable phasing of the precipitation annual cycles; the latter are consistent with those from surface rain gauges [Serreze and Hurst, 2000] . In the northeast Atlantic (Figure 5 ) a late-fall LWP maximum at [29] The modeled CAM 3.5 WVP values, shown in Figures 5 -7 for two latitude bands at 60°N and 75°N, are slightly lower than the microwave-retrieved values. More significant to the surface radiation budget is that the modeled LWP values exceed the retrieved values, slightly during the winter but by a factor of two during the summer. The modeled annual LWP cycle tends to mirror the modeled precipitation annual cycle, similar to the microwave data. Precipitation in the northeast Atlantic is strongly overestimated. The precipitation is more similar to retrieved rainrates in the northwest Atlantic and north Pacific, but the modeled LWPs remain substantially higher than those retrieved for these two sectors. The CAM 3.0 polar radiation budgets contained excessive modeled surface downwelling infrared radiation during winter, and undersimulated surface downwelling solar radiation during summer [Briegleb and Bromwich, 1998 ]. The CAM 3.5 simulations reflect improvement introduced by the ''freeze-dry'' approach to calculating cloud fraction, but the too-large modeled summer LWP implies biases still exist in the summer surface radiation budget, similar to CAM 3.0. [31] The most apparent features are a wintertime increase in WVP and LWP south-south-west of Greenland, coupled with more southerly spring and summer decreases. The breakdown by season demonstrates that the annual-mean high-latitude WVP increase reported by Trenberth et al. [2005] is mostly occurring during the winter. The trend throughout the year is mostly positive north of 60°N, with the exception of the summertime area north of the Bering Strait. Similar trends are evident in precipitation (not shown). We do not have an explanation for the more southerly Atlantic decreases, while the winter LWP increase over the Labrador Sea between Greenland and Canada is suggestive of increased surface fluxes from warmer sea surface temperatures [Trenberth et al., 2005] into continental air outflow.
1987-2006 Seasonal Trends
[32] Wintertime and autumn LWP increases are apparent around much of the Arctic perimeter, consistent with surface cloud observations [Milewska, 2004; Warren et al., 2007] . We next focus on the two regions that have experienced recent sea-ice loss: the Chukchi and Beaufort Seas north of the Bering Strait, and the Barents Sea north of Norway.
Chukchi and Beaufort Seas
[33] North of the Bering Strait Figures 8 -10 show an increasing trend from 1987 to 2006 in autumn LWP while during summer WVP and LWP slightly decreased. SSMI and AMSR-E LWP values are shown both screened and unscreened for sea ice in Figure 11 . During summer the unscreened LWPs exceed the screened LWPs, consistent with a positive correlation between LWP and sea ice (Figure 2a) . In contrast, during autumn, the screened LWP values slightly exceed the unscreened values, also consistent with Figure 2a . The AMSR-E LWPs are less influenced by the sea ice screening than the SSMI values, perhaps because the smaller pixel sizes allow for better sea-ice discrimination, and the screened AMSR-E and SSMI LWP values agree well. The relative decrease in WVP from summer to autumn significantly exceeds the LWP relative decrease, consistent with the annual cycle shown in Figure 7 .
[34] A striking feature of Figure 11 is a consistent increase in autumn LWP from 1989 to approximately 2001, an increase that is only loosely correlated with the sea ice coverage and which dominates the trend plotted in Figure 9 . After 2001 the autumn sea-ice coverage decreases, the WVP increases while LWP decreases. This appears consistent with the monthly median LWP values derived from the surface-based radiometer at Barrow, Alaska (Figure 12 ), also shown in Figure 11 .
[35] We searched for an explanation for these trends. The precipitation time series, when screened for sea ice, is incomplete and not shown, but varies similarly to LWP when available, with recent decreases. A recent decline in North Pacific cyclone activity, noted by X. Zhang (pers. comm.) as part of an extended climatology on Arctic cyclones [Zhang et al., 2004] , may be most directly responsible for the post-2001 LWP decrease. Over the length of the instrument record this location is better correlated with the Arctic Oscillation Index (AOI) than with the North Atlantic Oscillation or Pacific Decadal Oscillation; a more moist environment occurs during the positive phase of the AOI, when the surface pressure is lower at the North Pole. A correlation coefficient of 0.33 between the AOI and WVP for this sector explains some of the noted variability.
[36] Since 2000 the summer and autumn Arctic surface air temperatures have been consistently increasing in this region, based on NCEP Reanalysis [see also Ogi and Wallace, 2007] , and associated moistening may explain the increase in post-2001 autumn WVP (Figure 11c) . Schweiger et al. [2007] , in an analysis of the ECMWF Re-Analysis-40 products and TOVS Polar Pathfinder satellite data, find that Arctic locations with increasing open water are associated with fewer low clouds and an increase in middle-level clouds, along with a deeper boundary layer. They hypothesize a decrease in atmospheric static stability with more open water is encouraging convection; this appears consistent with the WVP and LWP changes noted here. The LWP changes shown here appear to mostly reflect changes in precipitation rather than local evaporation, although a change due to local evaporation may simply be too subtle to impact the retrieved LWP.
[37] The lack of a strong thermodynamic atmospheric response to the decreased sea ice coverage in this region is consistent with the dominant large-scale circulation feature of the Beaufort High. Ogi and Wallace [2007] argue that while the atmospheric pattern associated with the trend in Arctic sea-ice coverage primarily encourages enhanced ice export out of the Arctic through the Fram Strait, the mean year-to-year sea level pressure variations about the trend show that years of low-sea-ice are associated with a basinwide increase in sea level pressure and a more thermally indirect circulation, implying a reinforcement of the Beaufort High. This mechanism appears to have contributed to the September 2007 sea-ice minimum (see http://nsidc.org). This finding is consistent with the weak associations shown here.
[38] Further statistics from the surface-based radiometer are shown in Figure 12 Turner et al. [2007] . Nevertheless, these findings appear consistent with and extends other studies noting wintertime increase in surface-observed cloud cover [Milewska, 2004; Warren et al., 2007] and in springtime increases in thicker clouds as gauged from solar pyranometer measurements [Dutton et al., 2004; Stone, 1997; Stone et al., 2002] .
Barents and GIN Seas
[39] Much of the recent wintertime loss in ice has occurred in the Barents Sea (e.g., Figure 13c ) located north of Norway [Comiso, 2006; Meier et al., 2005] . This region is also important because it represents a major moisture source for central Arctic cloudiness [e.g., Liu et al., 2007] . Until recently the Barents Sea region showed a stronger association with the North American Oscillation (NAO) index [Dickson et al., 2000] . The NAO index has been positive during the entire SSMI instrument record but less so since the late 1990s, while sea ice coverage has continued to decrease. Wintertime WVP and LWP are increasing in this region as is springtime WVP (Figure 13) , with WVP increases during other seasons also apparent in Figure 8 . These WVP and LWP changes are positively correlated with decreasing sea ice fractions. Francis and Hunter [2007] and Sorteberg and Kvingedal [2006] find that most of the wintertime Barents sea ice loss can be explained by warmer sea surface temperatures, with southerly wind anomalies also contributing. The warmer sea surface temperatures are attributed to increases in inflow of warm Atlantic water [e.g., Karcher et al., 2003] . The correlation between wintertime WVP and LWP is high (r = 0.83). Interestingly, although atmospheric cyclones are relatively frequent in the Barents Sea [Zhang et al., 2004] , their number have not increased greatly in recent years [see Sorteberg and Kvingedal, 2006, Figure 9] , matched well by Figure 13d . The reduction in cyclone frequency has been used to explain a decrease in winter cloud cover over the central Arctic [Liu et al., 2007] . The poor relationship between cyclone count and Barents sea ice extent is explained as a lack of cyclone influence on the Barents Sea wind field, with cyclones primarily influencing the Atlantic water inflow into the Barents Sea at a $2 year lag [Sorteberg and Kvingedal, 2006] .
Conclusions and Summary
[40] We have examined water vapor paths, cloud liquid water paths, and precipitation derived from SSMI and AMSR-E data over the northern high latitude open oceans and seas. Two separate retrieval data sets were combined: a sea ice fraction data set [Ferraro et al., 1996] , with a data set containing consistent WVP, LWP, and rainrate SSMI retrievals from 1987 through 2006 and from 2002 through 2006 for the AMSR-E instrument. The Wentz retrievals screen their orbital pixels for sea ice but do not report sea ice fraction. We used the Ferraro sea ice fractions as a proxy for sub-pixel sea ice and investigated the sensitivity of the atmospheric moisture retrievals to underlying sea ice. The WVP values did not vary as a function of the Ferraro sea ice fraction, the Wentz LWP values varied with sea ice fraction mostly during the summer months (Figures 2 and 3) , and Wentz rainrate values were sensitive to sea ice fraction during all months.
[41] A strength of the Wentz Version 6 retrievals is their emphasis on good inter-instrument calibration, apparent to us in a lack of LWP offsets between different instruments [see also O'Dell et al., 2007] . This, combined with better sea-ice screening within the moisture retrievals, more realistic cloud temperature assumptions and improved gaseous absorption coefficients, led us to prefer the Wentz V6 retrievals over the Ferraro data set. One strength of the Ferraro retrieval data set that is currently not available within the Wentz monthly mean data, however, is its explicit calculation of not only sea ice coverage, but also of a cloud fraction, based on a cloud LWP threshold of 20 g m
À2
. Such a variable could aid with model validations that typically rely more on cloud fraction comparisons and provide another, perhaps more sensitive, indicator of Arctic cloudiness trends, than do mean LWP values.
[42] The seasonal climatology contains an amplitude of $10 mm, an approximate doubling of a broad JanuaryApril minimum irrespective of location. A July WVP maximum points to a continental influence upon the Arctic, with heating from neighboring landmasses quickening the moistening of the Arctic atmosphere. The annual LWP springtime increase mostly occurs in tandem with WVP. Zuidema et al. [2005a] , in a study relying on aircraft and surface-based instrumentation at one sea-ice-covered point in the north Beaufort Sea during the month of May, found quick replenishment of the super-cooled cloud liquid water after cloud glaciation events; the suggestion of large, compensating, probably advected, vapor fluxes is supported here [and also by Cullather et al., 2000; Groves and Francis, 2002] . The autumn decrease in WVP is more gradual, than the springtime increase and the corresponding LWP decrease is less well correlated to the WVP and more closely associated with the annual cycle in precipitation. In the Northeast Atlantic, autumn and winter-time synoptic activity impact the mean LWP at 60°and 65°N. The North Pacific LWP seasonal cycle contains an August maximum, slightly lagging the WVP cycle but coinciding with an August precipitation maximum. The precipitation may be influencing the LWP retrieval through its algorithm as well as physically [e.g., O'Dell et al., 2007] . The precipitation magnitudes, spatial distribution, and annual cycles compare favorably to those from another precipitation climatology [Serreze and Hurst, 2000] .
[43] The major trends over time are a wintertime WVP and LWP increase south and southwest of Greenland also seen in precipitation, consistent with modification of continental air flowing out over increasingly warmer waters. The Barents and surrounding seas, site of much of the recent winter sea ice loss, have experienced some WVP increases during all four seasons and a recent winter LWP increase (Figures 8 and 13 ), despite the relaxation of the NAO index to more neutral values in recent years. Much of the recent sea ice loss is attributed to warmer sea surface temperatures with southerly wind anomalies a contributing cause [Francis and Hunter, 2007; Sorteberg and Kvingedal, 2006] , with thermodynamic coupling leading to associated increases in atmospheric moisture. The precipitation time series (Figure 13 ) compares well to the cyclone counts for this region [Sorteberg and Kvingedal, 2006] , and interestingly, both have decreased values from the mid-1990s to early 2000s that is thought to explain the reduced cloud coverage observed in the central Arctic [Liu et al., 2007] . (Figure 11) . The explanation for the recent decrease appears to lie in decreased cyclone activity [X. Zhang, pers. comm.; Zhang et al., 2004] ; SSMI-derived precipitation values were few and not shown. Although a slight water vapor increase is expected for this decade, consistent with the documented increase in surface air temperature, an increase in thermodynamic coupling between the increasingly open ocean and overlying atmosphere is not evident in the autumn SSMI LWP time series, consistent with the atmospheric subsidence typifying this location [e.g., Ogi and Wallace, 2007] . Winter and spring LWP increases are noted in the surface-based LWP data set from Barrow, Alaska. While consistent with surfaceobserved cloud cover changes [Milewska et al., 2004; Warren et al., 2007] and solar pyranometer results specific to Barrow [e.g., Dutton et al., 2004] , more work is needed to establish if the surface-retrieved LWP increases are physical and significant.
[45] A comparison of the NCAR CAM Version 3.5 WVPs, LWPs, and precipitation to the observed values revealed that a new ''freeze-dry'' cloud fraction formulation, wherein the predicted low-cloud fraction is reduced when the specific humidity falls below a threshold [Vavrus and Waliser, 2007] , is effective at reducing the modeled winter cloud LWP values to observed values. Modeled summer LWPs, which do not benefit from the new formulation, still exceed those observed by a factor of 2. This will continue to produce downwelling solar radiation values at the surface during summer that are too low, similar to the previous CAM Version 3.0 [Briegleb and Bromwich, 1998 ].These findings are conservative, as the satellite-retrieved LWPs are also likely to be slightly too high (section 2.3). The modeled WVPs are slightly low but capture the annual cycle correctly. The annual cycle in modeled precipitation is most similar in amplitude and phasing to the north Pacific retrieved rainrates (Figure 7 , but overestimates precipitation in the northeast Atlantic by a factor of 2 ( Figure 5) , and mostly just differs in phasing from the retrieved values in the northwest Atlantic (Figure 6 ).
[46] The lack of evidence of contamination by sea-ice of the moisture retrievals (except for summertime LWP), reasonable seasonal cycle, and trends that are consistent with other reports point to the suitability of the atmospheric moisture retrievals for studies of northern high latitude open seas. The need to monitor Arctic atmospheric moisture is high. Variability in downward longwave radiation fluxes at the surface, which are most influenced by low-level liquid clouds, tend to precede variations in sea ice extent at relatively short time lags of 2 months or less [Francis and Hunter, 2006; Francis et al., 2005] . Arctic longwave cloud forcing of the surface from low-level clouds is predicted to increase under a doubled-CO 2 climate; a net warming [Vavrus, 2004] . While until recently the NCAR CAM oversimulated winter LWP, more regional Arctic climate models typically underrepresent winter LWP [Inoue et al., 2006] , leading to underestimated downwelling longwave surface fluxes. The treatment of cloud phase is also known to impact climate change predictions [e.g., Tsushima et al., 2006] , pointing to a need to discriminate the liquid and ice cloud phases in observations as well as models. Ideally cloud liquid water would also be retrieved over land and ice as well as the open ocean. Microwave retrievals that can be applied over land [e.g., Deeter and Vivekanandan, 2006] may point the way toward connecting the surface radiation budget to cloud optical properties across the entire Arctic basin.
